Thirty-seven hauls of a bottom trawl were carried out, as part of a national French project. These sea trials were undertaken in an area with strong currents: up to 1 knot. The measurements at sea of the bottom bridle's tension show a clear effect of the current. Although the water speed relative to the trawl is constant, when the boat tows with current, the bottom bridle's tension increases, and when the boat tows against the current, the bottom bridle's tension decreases. The mean bottom bridle tension is 7840 N and increases with a slope of 1197 N for each m/s of current. The current has almost no effect on the top bridle's tension: for a mean value of approximately 9810 N, the increment is 106 N for each m/s of current. The modelling of the trawl gear and the boundary layer explains this behaviour. Boundary layers of different thicknesses have been simulated. A boundary layer of 0.9 m height shows the best fit between simulation and measurements. The simulated bottom bridle's tension increases to 1343 N each m/s of current while the top bridle's tension decreases to 320 N each m/s. These values are inside the standard deviation of the measurements. Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site. 
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Introduction
During the last couple of years numerous studies on fuel efficiency of fishing gear have been carried out following the large increase in energy costs. One of them, the French EFFICHALUT project (Priour, 2012) , were dedicated to enhancing the energy efficiency of bottom trawl. The main result of this project was a new design of the top wings which has lead to an improvement of 17% of the energy efficiency. During this project numerous measurements were carried out and analyzed at sea on the bottom trawl but some findings
were not described since they were outside the aim of the project. The sea trials have been carried out in zones with quite large currents: up to 1knot. The current is associated with boundary layer, which is defined as a gradient of water speed close to the bottom. In this paper we intend to analyse the effect of boundary layer on gear geometry behaviour.
As far as we know, there are no studies of the effect of boundary layer on trawl behaviour.
Only a few studies have been carried out on current effect: Weinberg (et al. 2002) and Somerton (et al., 2001 ) have shown that current can affect the ability to catch fish. Coles (1979) has demonstrated the effect of tidal current on trawl catch. Net spread is also a function of bottom currents and tow direction relative to currents (von Szalay et al. 2005 ).
Trawl performance is, generally speaking, researched using flume tank tests (Ward et al.,1993 , Ferro et al., 1996 , full scale tests at sea (Sala et al., 2011) , analytical modelling (Park, 2007) , or numerical modelling (Lee et al., 2005 , Takagi et al., 2003 , Tsukrov et al., 2003 , Priour, 2003 and 2013a . These investigations take into account the design of the gear, the mean water speed, and the bottom contact. However, there are not studies on boundary layer effect in the bibliography.
Therefore, the aim of this work is to analyse the effect of the boundary layer on the trawl behaviour by using the real measurements at sea from the EFFICHALUT project. Also, these measurements are compared with the solution obtained by a numerical model in order to validate it. Note that a study on the catch effect on the trawl geometry has already been done using the same data (Priour, 2013b). 
Materials and methods

Trial tests
Test at sea were carried out in April 2010. During two weeks 37 hauls were made with a bottom trawl. The drawings of the trawl are provided in Figure 1 . Figure 2 shows a schema of the rigging for half trawl, it presents the wire configuration and the doors, with the components marked with labels. The doors, from Morgere company (Oval Foil model), were 2.9 m × 1.85 m wide and weigh 1.4 t. The warp length was approximately three times the water depth, that is, 150 m for the first week at sea and 60 m for the second, as the depths were 50 m and 20 m, respectively. The main fish species were mackerel, whiting, gurnet, gurnard, horse mackerel, and sea-bass. The fisherman drove the trawl at a constant engine power (107 l/h of fuel).
The trawl was equipped with six tension sensors, which were located on each bottom bridle, 
Numerical model of the trawl
The numerical model has already been used in previous works. In this paper, only a general view is described. More detailed information can be found in the previous bibliography (Priour, 2013a and 2013b) .
The model is based on the Finite Element Method (FEM). Linear bar elements are used to model the warps, bridles and cables, while the net is discretized into finite triangular elements.
Through its three nodes (placed on its vertices), the triangular element has equivalent behaviour to the net material, since two directions are defined: u and v for diamond and square meshes (three for hexagonal meshes). The element is able to cover a large number of meshes.
Inside the element, each twine direction is kept parallel, leading to a constant deformation for all the u twines, as well as the v twines. Obviously there is a variation of orientation and deformation from one triangular element to an adjacent one; this hypothesis is reasonable if elements are small. With the previous hypotheses, the forces on each element can be calculated. These forces depend on the position of the nodes.
i) Elastic forces in twines
The twines are modelled as linear springs. Their tensions T u and T v are calculated with Equations 1 and 2. In order to make the twine model more realistic, compression tensions are cancelled, by supposing different elastic modulus when the twine is stretched (taken from the material properties) than it is un-stretched (considered a very low value or zero). Where E is the twine modulus of elasticity, A is the twine section , l 0 is the un-stretched length of mesh side , and |u| (|v|) is the stretched length of mesh side along u (v) direction.
With the coordinates of the vertices of the triangular element, the vectors u and v and the number of meshes, the forces applied on the vertices (nodes) are equivalent to the tension of all twines of a triangle. The development and the expressions are shown in Priour 2013a.
ii) Hydrodynamic drag
As explained before, the drag force on the netting is calculated in this model as the sum of the drag force on each twine (u and v). The amplitude of hydrodynamic forces for a twine are evaluated according to Equations 3 and 4. The direction of the forces can also be evaluated (Equations 5 and 6) because each pair of twine vectors, u and v, is known. The following equations for the normal F d and tangential drag T d are only presented for the u twines, but the expressions for v twines can be inferred similarly:
Where V is the water speed relative to the twine, that is, the ws profile, ρ is the density of water (1025 kg/m 3 in the present study), Cd is normal drag coefficient for a twine (1.2 in the present study), f is the tangential drag coefficient (0.08 in this work ), D is the diameter of twine , α is the angle between the u vector and the water velocity V, and n/2 the number of u twine vectors in the triangular element. The drag caused by the contact with the seabed is due to the friction forces and the resistance of the sediments built up in front of the components that are in contact with the bottom. In this work we assume the approach of modelling both forces together through the well-known Coulomb friction expression, according to Pashen et al. (2000) . This is an approximation since it considers that the seabed is a coarse but solid material. In this work the type of soil is not considered since no information about the type of soil was took in the sea trials. The friction coefficient is a mean value estimated by Pashen et al. (2000) . However, awareness should be taken in this topic since, according to Ivanović et al., (2011) , the friction force can even fourfold depending on the type and disposition (rippled or level) of the soil. A more accurate model based on finite element analysis to predict the deformation of the seabed were developed by Ivanović et al., (2011) .
Where F h is friction force on the bottom, F v the vertical contact force on the bottom and Coef is the friction coefficient estimated by Pashen et al. (2000) which encompasses both forces (friction and sediment displacement), the selected value in this work is 1.
iv) Fish catch pressure
The effect of the caught fish is estimated by a pressure (Priour, 2013a) . This pressure p is exerted on the triangular elements in contact with the catch:
Where C c is the drag coefficient for the catch ( The volume of the catch inside the cod-end used in this work is a mean value assessed by the fisherman and it is 0.74 m 3 , (more details in Priour, 2013b).
v) Doors modelling
The doors are modelled as a rectangle whose surface S is 4.5 m². The applied forces on the doors are the weight (1400 kg), the buoyancy (76 Litre) and the hydrodynamic forces, drag (F dd ) and lift (F dl ). The values of the drag (C dd ) and lift (C dl ) coefficients are 1.35 and 1.43, respectively, and are provided by the door maker for a mean value of the water speed. In order to simplify the model, we do not consider the boundary layer, we assess that the water speed relative to the door (V d ) as constant (|V d | = WS). We suppose that the error introduced with this hypothesis will not be significant since, according to Priour (2009) the hydrodynamic drag on doors represents a 20% of the total drag.
vi) Sum of forces
The forces described previously are calculated for each node. The total load is the sum of all of them, and these forces depend on the node positions (F(X)). Method is used to achieve the equilibrium position X final . Note that this method requires the evaluation of the jacobian matrix (first derivative of the forces) F'(X) at each iteration.
Theoretical models for the boundary layer
In this Subsection we would like to describe a general view of the Bottom Boundary Layer (BBL). A further explanation can be found in the bibliography (Soulsby ,1983 and Aoustin, 1990 ) .
Close to the seabed, the flow velocity is influenced by the effect of friction. The BBL is the transition flow layer from the seabed to the free-stream flow. In the sea, the BBL is considered always turbulent. It can be divided into three sublayers which are shown in 
Model no. 1: Logarithmic layer 005 (law-of-the-wall)
This is the most common and simple model. This model approximates the fluid velocity (c) in boundary layer with the following equation (Soulsby, 1983 and Aoustin, 1990) :
Where u * is the friction velocity, k the Von Karman constant and z 0 is the roughness length.
The Von Karman constant k is typically 0.4 and a set of values for z 0 is provided, corresponding to different types of soils, in Soulsby (1983) .
In this model the friction velocity is dependent on the free-stream flow velocity (C ∞ ): 
This model fits quite well until the depth is 13 m (where C ∞ is approximately 0.76 m/s), but it presents an irregularity at the crossing point between the lower layer and the upper log layer (at 0.6m/s in Figure 5 ).
Model no. 3: Modified law-of-wall.
Perlin et al. (2005) developed a new expression in order to unify the upper and lower curves developed by Sanford and Lien (1999) and therefore overcome their weakness at the crossing point. The expression was also used to fit experimental data measured by Perlin et al.(2005) as well as data from other authors (particularly from Sanford and Lien (1999)). For the present work, the first model has been chosen because it is simple yet sufficiently accurate. Furthermore, it can be applied to different values of z 0 and C ∞ .
In order to incorporate the boundary layer into the FEM model, the curve has been simplified by breaking it down into a set of linear segments (visible on Figures 7 and 8 ). The crossing point between the curve and C ∞ is considered the limit of the boundary layer, which indicates the thickness of the boundary layer.
Data analysis
In the present work, three analysis are made, the first one is a qualitative description of the measurements for a single haul, in order to better understand the influence of the boundary layer on the measured bridle's tensions. In the second one, a correlation between the measured GS and WS for nearly all the hauls (this point will be also explained in this subsection) is established. Finally, the measurements of tensions for nearly all the hauls are compared with the numerical results for different boundary layers.
A clarification about the velocity is required, the relative velocity profile along the depth ws, which determines the drag, is affected by the ground speed GS and the sea current profile c as was not quantified at sea; only measurements in the head line were recorded (WS). Between the three situations (with, without current and against current, Figure 6 ), it can be observed that the water speed close to the bottom increases when GS increases, even though the water speed at the headline (WS) is nearly constant. Therefore, the drag close to the bottom increases and consequently the bridle's tensions.
For the third analysis, Figures 7 and 8 show the boundary layer profiles used for the simulation, when the boat is with current and against current, respectively. The depth of the seabed that has been chosen is 56 m, which is the mean of the depth of the hauls considered in this study. As the type of soil and hydrodynamic regime are unknown, different values for z 0 are assessed: 0.005 cm, 0.03 cm, 0.07 cm and 0.3 cm (from Soulsby (1983)). The different roughness lengths deliver different shapes of the boundary layer. In Figure 7 , it can be observed that, as the z 0 increases, the thickness of the boundary layer also increases.
However, a thickness larger than the vertical opening of the trawl Regarding the hauls considered in the study,among the 37 hauls that were recorded, only the hauls which present a large variation of the ground speed (standard deviation of the ground speed larger than 0.2 m/s) are considered, because if the range of variation of GS is not wide enough, we can not evaluate the effect of the ground speed GS and extract any conclusions from these data. The number of hauls that present a standard deviation of GS larger than 0.2 m/s is 23. Therefore, only these 23 hauls are used in this analysis, resulting in 14 discarded hauls. With this method we can accept that only the effect of GS on the bridle tension is analysed, since the remaining parameters have been neutralized as much as possible.
Results
Analysis of a single haul
During the fishing performance on each haul, the boat followed a path, which was not always straight. These changes in the trajectory were reflected in all of the measurements. Figures 9 to 13 show the measurements for haul 7. The following observations can also be applied to the other hauls. Figure 9 represents the trajectory followed by the boat in GPS coordinates. It can be observed that the boat goes straight from the starting point P and then comes back following more or less the same path. Figure 10 shows the ground speed (GS) and the water speed (WS) versus haul duration. It can be observed that, while the water speed remains approximately constant (except by the peak at 671.7 h), the ground speed has a step at 671.7 h, probably due to the change of direction. This variation on the speed also has an effect on the tension in wires (Figure 11 ), where an increment in the bottom bridle's tension can be noted at 671.7 h. Figures 12 and 13 plot the bottom bridle's tension (FI) versus the water speed (WS) and the ground speed (GS), respectively. In Figure 12 there is a large variability in the bottom bridle's tension while the water speed remains constant. In Figure 13 the points can be divided into two groups because of the step in the ground speed; also, there is a corresponding increase in tension.
The drag force is mostly determined by the contact with the bottom and by hydrodynamic forces. Regarding the friction with the bottom, results from Pashen et al. (2000) obtained by experimental campaigns revealed that the friction was approximately independent of the towing speed. In this work we assume this approach, however, awareness should be taken into account as Pashen et al. (2000) did not verified this result for different types of soil.
The second factor, the hydrodynamic forces, depends on the direction and magnitude of fluid velocity relative to the object. Measurements reveal two relations worthy of investigation:
Firstly, according to the widely used formulation of Morrison, if the relative speed remains constant the drag will also be constant. However, in Figure 12 there is notable variability in the bottom tension while the measured values of the water speed (WS) are nearly constant.
Secondly, Figure 13 plots the bottom tension FI in function of the ground speed (GS) where two groups of data can be appreciated. As the GS speed increases the tension also increases.
The consideration of the boundary layer can justify these two relations, since a variable current profile can affect the drag close to the ground, as shown in Figure 6 .
Analysis of the water speed and the ground speed
In this subsection, the values for GS and WS from the measurements used for the analysis (showed in Figure 6 ) are explained). 
Comparison of numerical and experimental results for all hauls
The experimental results are compared with the numerical simulations including the boundary layer. Figures 15 and 16 plot the measurements of all the considered hauls (represented as points) as well as the results of the simulations (plotted as markers). The bottom tension (FI)
vs. ground speed (GS) is represented in Figure 15 . Figure 16 displays the top tension (FS) vs.
ground speed (GS). In order to complement these figures, results are also reported in Tables 1,   2 and 3. Table 1 shows the value of the bottom and top tension for all of the simulations. Table 2 shows the slopes of the tension values vs. the ground speed obtained from the measurements and the simulations for each value of z 0 . The difference between the slopes obtained by simulation and the slopes from the measurements is expressed as a relative error. The bottom tension measured at sea increases when the ground speed increases, as shown in Figure 15 . The case where there is no boundary layer (no BL) corresponds to the situation where the whole trawl is affected by a constant water speed, which is taken at the headline (WS). The simulation results from this case lead to a decrease in the bottom tension ( Figure   15 ). This simulation does not fit the measurements, giving the highest value of the relative error between the numerical and experimental slopes, that is 143% . The simulations of the case in which the boundary layer is considered demonstrate an increment in the bottom tension, as shown in Figure 15 . The best fitting corresponds to z 0 = 0.03 cm, which is equivalent to a boundary layer with a thickness of 0.89 m (Figures 7 and 8) , whose slope has an error of 12% relative to the slope from the measurements.
The top tension measured at sea is approximately constant, regardless of the ground speed, as shown in Figure 16 . If the boundary layer is not considered, the simulation results do not fit the data, as this leads to a decrease in the top tension. For the cases where the boundary layer is included, the top tension varies from decreasing to increasing. The best fitting corresponds to z 0 = 0.03 cm with an error of 402% relative to the slope from the measurements, which is coherent with the fitting of the bottom bridle's tension . Remark that the high relative errors of the top tension are due to the small value of the experimental top tension slope.
Discussion and conclusion
The results for the haul 7 are coherent with the schema shown in Figure 6 . The increment of the bottom tension shown in Figure 11 at 671.7 h may be explained because the boat passed from towing against current (case c) to towing with current (case a) , the water speed increases close to the bottom (and therefore the drag) although the water speed measured at the headline is nearly constant. To support this qualitative analysis, the comparison of the third analysis reveals that the inclusion of a model of the boundary layer improves the fitting with the measurements, causing a 91% of reduction of the relative error of the slopes with respect of no considering the boundary layer in the bottom tension and a 71% of reduction in the top tension.
According to our measurements at sea, the bottom tension increases with ground speed while the top tension remains nearly constant and consequently, the influence of the boundary layer is much more notable in the bottom tension than in the top tension. Simulation results (Table   1 ) support this statement but it is possible that another trawl or rigging could lead to another conclusion (modification of bridle top tension).
It can also be seen that when the ground speed (GS) increases, the bottom bridle's tension increases (Figure 15) , and, simultaneously, the water speed (WS) decreases (Figure 14) . This relation between the water speed and the ground speed occurs because the boat is driven at a constant rate of consumption (107 l/h of fuel). This constant rate of consumption leads to a constant amount of power required by the gear, as the efficiency of the engine and propeller are likely constant for this small variation of water speed (1.54 m/s to 1.65 m/s).
Consequently, the increment of bottom bridle tension is probably associated to an increment of drag, which leads to a decrease in towing speed (or water speed) in order to maintain consistent power.
However, this model has some weaknesses worthy of improvement: -The selected model of the boundary layer is quite basic. The choice of this model is also subject to discussion and could be replaced by more detailed models such as the curves Table 3 shows that the drag forces due to the contact with the seabed are about 18% of the total drag, a more accurate model which includes the influence of the type and disposition of the soil could improve this assessment.
-The hydrodynamic drag is calculated as the sum of the drag on all components. In the case of netting perpendicular to flow, this assumption is probably acceptable. In the case of netting parallel to flow, this assumption is debatable, as the last twines are in the shadow of the first ones. This point probably magnifies the drag of netting parallel to flow, which is the case of netting situated in the trawl belly (the piece of netting close to the bottom). Consequently, it is possible that a more accurate drag model might lead to a thicker boundary layer, which would result in more netting being affected.
-The boundary layer was not included in the calculation of the hydrodynamic drag of the catch and doors (where the relative velocity profile is considered as constant). We consider that the error introduced by this hypothesis could affect slightly the results since these forces take about 35% of the total drag (Table 3) which is smaller than the drag from netting and wires (46% of the total drag in Table 3 ).
-The boundary layer also requires experimental validation, it is necessary to check if the value of z 0 that best fits the measurements matches with the type of soil and hydrodynamic regime of the sea trials. 
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